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* Deformation and Fracture of Strongly Textured Ti Alloy Sheet

in Uniaxial Tension

By

K. S. Chan+ and D. A. Koss
Department of Metallurgical Enqineering

Michigan Technological University
Houghton, Michigan 49931

Abstract

The influence of crystallographic texture on the deformation and fracture

behavior of strongly textured Ti alloy sheet has been investigated. Uniaxial

tensile tests have been performed on Ti-6A1-4V and Ti-5AI-2.5 Sn sheet with

either a basal or basal-transverse texture. The results indicate that, by

controlling the ease of through-thickness slip, the crystallographic texture

strongly affects the plastic anisotropy of the material but has relatively

little effect on the work-hardening rate and strain-rate sensitivity. A

strong resistance to through-thickness slip, manifested by a high R-value,

enhances the post-uniform elongation and the ability of the material to

retain the load carrying capacity beyond maximum load. This behavior can be

qualitatively understood in terms of the effect of R on the hardening which

occurs as the strain state within the diffuse neck shifts from uniaxial

tension toward plane strain. A higher R-value also increases significantly

the limit strain at the onset of localized necking as well as the fracture

strain. The effects of R-value on the limit strain can be qualitatively under-I stood in terms of critical thickness strain criterion. Calculations of limit

strains using an inclined imperfection model are also in good agreement with

experimental results.

+Currentlys Department of Materials Science and Engineering,
Stanford University, Stanford, CA 94305



INTRODUCTION

Titanium alloys in sheet form usually possess crystallographic textures

which, in some instances, can be quite strong.1-4 Due to the nature of slip

in the hcp a-phase, strong textures in a-0 Ti alloys often exert a pronounced

influence on mechanical properties. Many of these effects are well documented

for an alloy such as Ti-6A1-4V in the form of plate and bar stock.1,4-7 In

the case of sheet metal deformation, a crystallographic texture usually re-

sults in plastic anisotropy, the degree of which is measured by the parameter

R which is the ratio of the width strain to thickness strain in a uniaxial

tensile test. Previous studies of the deformation of strongly textured Ti

alloy sheet have been primarily confined to multiaxial yielding behavior and

texture strengthening as influenced by the very wide range of R-values (0.2-

14) possible in these alloys. 1- 3 ' 8 - 1 1 Large strain deformation of Ti and

Ti-6A1-4V sheet has been previously examined in order to determine the effect

of strain hardening and strain rate hardening on necking behavior in uniaxial
12 13,14

tension and forming limit strains in stretch forming behavior. How-

ever, the R-value was not varied in these studies, and no attempt has been

made to determine the influence of R on large strain deformation of Ti and

its alloys.

Large strain deformation and the phenomenon of localized necking in sheet

metal has been studied in considerable detail in steel, brass, and aluminum

alloys (see, for example, ref. 15,16). It is well established in these mate-

riali that strain hardening and strain rate hardening are both important in

enhancing the resistance to localized necking and thus the formability. The

influence of crystallographic texture and R-value on the stretch formability
is, however, less conclusive. 1 5 ' 1 7 - 19 The experimental difficulty has been in

manipulating sheet metal processing to vary R over a large range of values

without changing other properties such as strain hardening exponent, n, and
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the strain rate sensitivity exponent, m. In addition, owing to the nature of

slip in fcc and bcc metals, the range of R-values studied is not large; usually

O.5<R<2. It is therefore difficult to separate the effect of crystallographic

texture and R value from that of n and m. Thus our knowledge of the influence

of plastic anisotropy on the large strain deformation of sheet material is

limited by the nature of the experimental studies to date.

This investigation examines the influence of crystallographic texture on

the post-uniform deformation and the process of localized necking and fracture

behavior of strongly textured Ti-6A1-4V (Ti-6-4) and Ti-5A1-2.5 Sn (Ti-5-2.5)

sheet tested in uniaxial tension. Photo-gridded specimens are tused throughout

so that detailed strain measurements can be made in order to determine the

effect of the R-value on the development of localized necking as well as on

the magnitudes of the forming limit and fracture strains. Manipulating the

crystallographic texture of the Ti-alloy sheet to yield a wide range of R-

values but with relatively constant n and m values, the influence of the R-

value on the strain localization process can be separated from that due to

strain hardening and strain rate sensitivity (i.e., n and m). The present

study examines the behavior in uniaxial tension; the behavior of strongly

textured Ti-6-4 and Ti-5-2.5 sheet under multiaxial deformation conditions,

utilizing punch-stretch testing 19, i reported separately. 2 1

EXPERIMENTAL

Thin sheet specimens (1.4mm thick) of Ti-6A1-4V and Ti-5AI-2.5 Sn with

strong crystallographic texture were prepared by hot rolling. In processing

the Ti-6-4 and Ti-5-2.5 sheet with the basal texture, 2.5cm thick blocks were

900 cross rolled at 8160C 2,3 to a final sheet thickness of 1.4mm. Reheiting

the sheet between each pass was necessaryl the thickness reduction of each

pass was initially 2.5mm and was gradually decreased to 0.25rm at the final
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stage of the rolling process. Ti-6-4 sheet with the basal-transverse texture

was processed from 6.4mm thick plate kindly supplied by Del West Associates;

the plate material already possessed a basal-transverse texture obtained by

4the thermal cascade rolling method developed by Sommer and Creager. For the

present study, the plate was hot rolled at 734*C, reheating after each pass,

until sheet with a thickness of 1.4mm was attained. After hot rolling, all of

the sheet material was descaled by sand blasting and then pickled with a warm

acid solution of 5% HF, 35% HNO3 , and 60% H20 at 1500C for 30-45 minutes.

This pickling procedure removed the oxides and provided clean, smooth surfaces

for both Ti-6-4 as well as Ti-5-2.5 sheet. No local attack on the surface of

the sheet was observed. Finally, after machining, the specimens were heat

treated at 7346C at a pressure of <2.7 x 10-4 Pa for four hours and quenched.

The chemical compositions of the Ti-6-4 and Ti-5-2.5 sheet specimens (after

heat treatment), are shown in Table I.

Fig. 1 shows the equiaxed 3- microstructure for both the basal-trans-

verse (Fig. la) and the basal (Fig. lb) textured Ti-6-4 specimens. The volume

fraction of the a phase is about 24% while the grain size is approximately 10P

for both cases. The microstructure of the basal-textured Ti-5-2.5 alloy is

primarily (-phase with a grain size of 14 and a small amount of retained

a-phase.

The texture of Ti-6-4 and Ti-5-2.5 sheets were determined by x-ray dif-

fraction method performed by Boeing Technology Services, Seattle, Washington.

Pole figures for basal textured Ti-6-4 and Ti-5-2.5 and basal-transverse tex-

tured Ti-6-4 are shown in Fig. 2a, b, and c respectively. The strong align-

ment of the basal plane poles should be noted.

Tensile specimens were machined to a 50.Smm gauge length and 19um in

width. Uniaxial tensile testing was performed at room temperature at a con-

stant crosshead speed at an initial strain rate of 8.3 x 10- 8 . Local

SI
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Table I. The chemical coupositions of the textured
'Ti-6AI-4v and Ti-5A1-2.5Sn sheet.

Couposition, Wt. Pct.

Material Texture Al V Sn C H 0 N

Ti-6Al-4V Basal 5.83 3.92 - 0.014 0.0014 0.120 0.013

Ti-6A1-4V Basal-transverse 6.06 3.76 - 0.020 0.0008 0.172 0.017

Ti-5A1-2.5Sn Basal 5.23 - 2.43 0.018 0.0007 0.135 0.015
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Fig. i. Optical micrographs showinq the mlc•ostructures in the plane of
the sheet of: (a) basal textured Ti-6AE-4V, (b) basal-transverse
textured T!-6AE-4V, and (c) basal textured Ti-5AE-2.5Sn.



Ti-6-4
BASAL
TEXTURE N

31

TD -D

RD (0002) 1RD (ioTa)

(b)

Ti-6-4
BASAL
TRANSVERSE
TEXTU RE

35T D _______ _TD

RD (0002) RD (10 To)

(C)
Ti-5-2.5
BASAL
TEXTUIRE%13

(0002) TD(OO¶)

Fig. 2. Pole figures showing the crystallographic textures of: (a) basal
textured Ti-WA-4V sheet, (b~) basal-transverse textured Ti-6R-4V
sheet, and (c) basal textured Ti-WA-2.5Sn.
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strains were obtained from measurements of the deformed photogrids using a

measuring microscope. The R-value has been obtained from strain measurements

of the deformed photogrids on the tensile specimens at selected stages of

deformation prior to diffuse necking.

RESULTS

Fig. 3 shows the stress-strain behavior of textured Ti-6-4 and Ti-5-2.5

sheet. The yield stress and the work hardening behavior of the basal textured

Ti-6-4 and Ti-5-2.5 sheet (Fig. 3a) are independent of the orientation of the

stress axis. In contrast, the basal-transverse textured Ti-6-4 sheet mani-

fests planar anisotropy; both the .2% offset yield stress and the work harden-

ing rate vary with the orientation of the stress axis as seen in Fig. 3b. The

effects of crystallographic texture on the tensile yield stress, the work har-

dlna dlnGdening exponent (n = ;i-•) strain-rate sensitivity (m = -- ), and plastic
dlnE

anisotropy parameter (R) are summarized in Fig. 4. An especially noteworthy

result is that the influence of crystallographic texture on the work hardening

exponent (n) and the strain rate sensitivity (m) is small when compared to the

large changes in the plastic anisotropy parameter, R. The n and m values of

the textured Ti-6-4 and Ti-5-2.5 sheet are relatively constant ( '0.040-0.066,

m-0.012-0.016), while the R- value changes from 0.5 to 12. It should also be

noted that the uniaxial yield stress of the basal-transverse Ti-6-4 depends

strongly on specimen orientation with the TD (or near-TD) specimens having

025% higher yield stress than those tested parallel to or near the RD.

Typical strain distributions along the gauge length of a tensile specimen

at different stages of deformation are shown in Fig. 5. The effect of the R-

value on the axial strain distribution is shown in Fig. 6. As may be seen in

Fig. 6, increasing R-value not only increases the limit strains (denoted by the

arrows) at the onset of localized necking but also increases the breadth of the

diffuse neck.
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Fig. 3. True stress-true strain curves for: (a) basal textured Ti-6-4 and
Ti-5-2.5 and (b) basal-transverse textured Ti-6-4 as a function
of the orientation of the tensile axis. TD denotes that the
tensile axis is parallel to the transverse direction, while RD
is parallel to the rolling direction. The angles indicate
inclination to the RD.
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Fig. 4. The effects of crystallographic texture and orientation of the

tensile axis on the behavior of Ti-6-4 and Ti-5-2.5 sheet for
the: (a) yield stress, (b) work hardening exponent n, (c) strain'Ii hardening exponent m, and (d) plastic anisotropy parameter R.IiII
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Fig. 5. The strain distribution along the 5 cm gauge length of a tensile
specimen at four etages of deformation of a basal textured Ti-6-4
specimen.
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Fig. 6. The distribution of the axial strain with position along the
gauge length for Ti-6-4 sheet specimens with differing textures
and R-values. The limit strain for the onset of localized
necking is indicated.
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Tracing the strain histories of several grid elements, the dependence of

the negative transverse strain -E on the axial strain E may be determined.-- y x

As depicted in Fig. 7, a linear relationship occurs between -e and e aty x

strains which are greater than the strain at maximum load but less than the

forming limit strain . The slope of the linear region defines the strain ratiode
p -- Z, which also equals -R/(1+R) for uniaxial tension. Fig. 7 indicates

x dc
that the plane strain condition (p - --d - 0) is easily attained at low straindE:

xlevels when R - 0.5. As the R-value increases to 2.2 and especially to 12, the

plane strain condition becomes increasingly difficult to achieve and occurs at

larger strains.

Beginning with the maximum load P on the load P vs. extension 6 chart,max

Fig. 8 shows the normalized load P/Pmax as a function of the extension 6 as a

means of depicting the loss of load carrying ability due to diffuse necking.

As indicated in Fig. 8, basal textured Ti-6-4 and Ti-5-2.5 sheet shown an iden-

tical rate of load loss which, in turn, is much more gradual than that of the

basal-transverse textured Ti-6-4. In the basal textured Ti-6-4 sheet, the load

carrying capacity is retained best when the loading direction is 450 from the

rolling direction and the R-value is 2.2. RD and TD specimens (R is 0.5 and

1.0, respectively), on the other hand, show a rapid loss of load carrying

ability. Comparing the mechanical properties of the material, the results in

Fig. 8 clearly indicate that a large R value is beneficial in retaining load

carrying capacity beyond diffuse necking. At low R values (R<I), the trend is

j not so obvious; other parameters such as n and m may also be important.

The onset of diffuse necking of a sheet tensile specimen is characterized

by a gradual development of a neck with a profile radius that decreases from

Ex and E are also the principal strains; therefore, Ex n e- and e - e2,
except f~r the 250, 45 and 75 cases in the basal-transverse textured
material.
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Fig. 7. The dependence of the transverse strain Cy on the axial strain ex
during uniaxial tensile deformation of Ti-6AW-4V sheet with R-

-- values of 0.5, 2.2, and 12. Note the differences in scales.
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• R=I

S0.8-

TI-6-4 R= 12
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SBASAL TEXTURE
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Fig. 8. The post-uniform load-carrying capacity, as measured by instan-
taneous load P normalized with respect to maximum load Pmax,
as a function of extension 6 for Ti-6-4 and Ti-5-2.5 sheet with
different R-values.
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infinity to some finite value as straining continues. The influence of cry-

stallographic texture and thus R-value on the tensile neck profile is illus-

trated in Fig. 9. For the Ti-6-4 sheet with the basal-transverse texture as

tested in the RD (R - 0.5), the diffuse neck is very small and is character-

ized by a very small reduction in the width of the specimen and thus a large

neck profile radius (see Fig. 9, R - 0.5). The diffuse neck is still gradual

but is quite apparent when R - 2 for Ti-6-4 sheet with the basal-transverse

texture but stressed at 450 to the RD. A much more sharp diffuse neck profile

is observed in the basal textured Ti-6-4 sheet with R - 12.

The influence of texture on the tensile strain to fracture Elf is in-

"dicated in Fig. 10 together with the associated fractographs. The detailed

dependence of the fracture strain e on the R-value is complicated although
if

the values reported in Fig. 10 indicate that the fracture strain increases

with the R-value. Fractography, also shown in Fig. 10, indicates that frac-

ture of textured Ti-6-4 and Ti-5-2.5 sheet occurs by ductile fracture with the

fracture surface characterized by dimples. Small, shallow dimples indicating

low ductility are observed for the basal-transverse texture sheet with a low

R-value (R - 0.5) and the smallest fracture strain ( C = 0.17). On the

other hand, the dimples are significantly larger and deeper in the material

with the highest fracture strain (elf - 0.93) and the R-value (R - 12).

DISCUSSION

Effects of Crystallography on Plastic Anisotropy

The basal textured Ti-6-4 and Ti-5-2.5 sheet exhibits a strong tendency

for the basal plane of the hcp a- phase to lie in the plane of the sheetl see

Figs. 2a and 2c. Thus, the <1125> slip directions for basal (001), prism
4

{1010} and pyramidal {1011} slip will also be contained in the plane of the

*The fracture strain elf is calculated from the equation: e M -"2f - £3f
where , and £e are respectively the thickness strain an&fthe transverse
strain of defo ued grids located near the fracture surface.
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Fig. 9. The influence of the crystallographic texture and R-value on the
profile of the diffuse neck and the orientation of the localized
neck (as indicated by the fracture). The material is Ti-6AW-4V
sheet.
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UNIAXIAL TENSION

" UI I 'A loU

RD 0 46* A DI ITDUI
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Fig. 10. Scanning electron micrographs showing the fracture surfaces of
Ti-6-4 sheet specimens with R-values ranging from 0.5-12. Note
the corresponding values for the major principal strain at
fracture elf' measured locally across the fracture surface.
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sheet for a large fraction of the grains present. Through-thickness deforma-

tion of the basal textured sheet is therefore difficult as it would require

twinning or the activation of c + a slip. Width contraction, on the other

hand, can occur readily by prism slip and thus longitudinal tensile extension

can be accommodated primarily by width contraction. The result is a high R-

value (R - 12) exhibited by basal textured sheet. The absence of an alignment

of the prism planes in the material with a basal texture (see Figs. 2a and 2c)

also results in stress-strain behavior which is similar in the RD, TD and the

450 direction. The yield stress, work hardening exponent (n 0.05), strain

rate sensitivity (m = 0.014) and the plastic anisotropy parameter (R = 12) are

all approximately independent of the orientation of the stress axis. The basal

textured sheet specimens of Ti-6-4 and Ti-5-2.5 thus exhibit "normal anisotropy"

as they are isotropic on the plane of the sheet but anisotropic in the thick-

ness direction.

In contrast, the basal-transverse Ti-6-4 sheet possesses a strong texture

in which the (0002) and {10i01 poles tend to be aligned in the transverse and

rolling direction, respectively (see Fig. 2b). Such a crystallographic orien-

tation strongly favors through-thickness deformation by prism slip when ten-

sile loading is applied in the rolling direction RD. However, activation of a

slip becomes progressively more difficult as the stress axis is rotated toward

the c axis in the transverse direction TD. Consequently, the basal-transverse

textured Ti-6-4 sheet exhibits yield strengths which increase markedly from RD

to TD. In addition, the R-value is also strongly dependent on the orienta-

tion of the stress axis in sheet with a basal-transverse texture. The lowest

R-value of 0.5 occurs when the prism planes are oriented for easy through-

thickness deformation as in the RD tests. The R-value increases to a value

of 2.2 when stressed at 450 from the rolling direction. The basal-transverse

textured Ti-6-4 sheet is thus anisotropic in the plane of the sheet (planar
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anisotropy). On the other hand the strain rate sensitivity and the strain

hardening exponents are relatively constant (m 2 0.012 and n = 0.05) and

independent of the orientation of the stress axis.

Plastic Instability and Fracture

The dependence of plastic instability and fracture on czystallographic

texture is indicated by the influence of the R-value on the post-uniform

i! elongation, the limit strain, the normalized fracture load, and the fracture

strain; these effects are summarized in Fig. 11. Fig. 11a shows that a high
R-value is beneficial in enhancing the post-uniform elongation e (Fig. ila)

pu

and the major principal limit strain Ex (Fig. 11b) and in retaining the load

carrying capacity (P/Pmax in Fig. lld) by increasing the fracture strain e1f

(Fig. l1c). The -C vs. e plot (recall e = C1 and E = C 2) in Fig. 7 illus-y x x 1 y 2

trates the beneficial effect of a high R-value in resisting localized necking

by delaying the attainment of a plane strain condition (p de ide 0) with-

in the diffuse neck. In contrast, as shown in Fig. l1a, the R-value has

little effect on the uniform strain e , the magnitude of which depends mainly

on the work hardening exponent n, which is consistent with the Considers con-

dition for diffuse necking. Finally, it is important to note in Fig. lib that

the thickness strain (E* - (-* - C)) at which localized necking occurs is

approximately constant; thus C3 is observed to be independent of R-value.

Several of the effects in Fig. 11 can be viewed in terms of a "flow sta-

bilizing influence" of a high R-value. Consider the mechanical equation of

state for the axial stress 01 necessary to deform a tensile sheet specimen

beyond uniform strain at temperature T to be represented by:

1 - ( p, T), (1)

where the strain ratio p - 22/E1 depends on strain and location within a dif-

fuse neck. Plastic deformation within a diffuse neck is characterized by an
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Fig. 1i. The influence of R-value on: (a) the uniform strain eu and post-
uniform strain epu (b) the major principal limit strain eq (both
experimental and predicted) and minor (thickness) strain -El
(c) the major principal strain at fracture elf, and (d) the
normalized fracture load Pf/Pmax"
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increase in strain rate and, as shown in Fig. 7, a change of strain state from

uniaxial tension toward that of plane strain at the center of the neck. The

condition for temporary restoration of plastic flow stability within the dif-
i 22

fuse neck has been examined by Ghosh, and for uniaxial tension it is:

1 Do1 d+ 1 1o 1 (2)

~sE 0E CF p de C T 1-
8o 01 10 2

Da 
1e and 1 terms in Eq. (2) represent contributions to neck stabilityThe -7- an

due to axial stress increases arising from increased strain rate and a change

in strain state respectively. It is well recognized that strain hardening and

especially strain rate hardening are very beneficial in stabilizing plastic

flow within the diffuse neck and in post-uniform elongation. However, the

beneficial effect of "strain path" hardening due to the change in the strain

state toward plane strain can also have a significant stabilizing influence;
22

see for example, the discussion by Ghosh. As can be readily visualized from

the shape of the yield surface, the magnitude of the strain-path hardening

22
effect increases with increasing R in a uniaxial tension test. Thus a large

R-value stabilizes plastic deformation within the diffuse neck as the material

approaches plane strain at the center of the neck. Since the n and m-values

of the sheet specimens in the present study are relatively constant, the flow

stabilizing influence of a high R-value is primarily responsible for: (a) the

difficulty in obtaining the plans strain condition (dE /dE ) - 0 at high R-

values in Fig. 7, (b) a more gradual loss of post-uniform load carrying capa-

city at high R-values in Fig. 8, and (c) a broader, more diffuse neck with

increasinq R-value in Figs. 6 and 9.

The difficulty of obtaining the plane strain condition with the diffuse

neck at high R-values (see Fig. 7) also controls the orientations at which

localized necks form (Fig. 9). Given that localized necking occurs along

23Hill's directions of zero extension, the attainment of near-plane strain

i
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at low R-values (Fig. 7a) results in localized necking nearly normal to the

tensile axis (Fig. 9a). In contrast, the strain path within the diffuse neck

at high R-values is still near that of simple tension (Fig. 7b) and the cor-

responding localized neck in Fig. 9c is sharply inclined to the stress axis,

lying near the zero extension direction.

A quantitative comparison between the present experimental observations

and predictions based on localized theory can be obtained by considering the

measured values of the principal limit strain 6* in Fig. 1lb with that cal-I

culated (see Appendix I) from an extension of the Marciniak-Kuczynski imper-

24 25fection analysis by Chan, Ghosh and Koss. The model predicts, as is

presently observed, that for uniaxial tension increasing the R-value increases

the limit strain at the onset of localized necking. Given that n = 0.05 and

m = 0.014, Fig. 11b shows the excellent agreement between the experimental

results and predictions from the model using Eq. (la) of the appendix with a

realistically small imperfection of f - 0.99 and assuming e0 - 0, which im-

plies a - k gm as a constitutive equation. Furthermore, Chan et al also

show that localized necking along Hill's direction of zero extension obeys a
25

critical thickness strain (c* - material constant) criterion. The magni-
3

tude of e, which equals approximately 0.08 in the present study, depends on

n, m, and the imperfection factor f, but £* should be independent of R (as
3

is experimentally observed in Fig. Ila). Thus we conclude that for localized
necking the increase in the major principal strain C with increasing R-value

1

is caused by increasing difficulty of attaining the critical thickness strain

C; at high R and difficult through-thickness slip.

The influence of R-value on the fracture strain Elf is more complicated.

As shown in Fig. lc, the fracture strain eif increases as R increases but at

a diminishing rate at large R-values. In addition, the thickness strain at

fracture (C 3f) has been found to depend on crystallographic texture and vary

___- -ý
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with the R-value. On the other hand, a critical thickness strain criterion 26

has been applied successfully to explain the fracture behavior of textured

Ti-6-4 and Ti-5-2.5 sheet deformed under stress states varying from uniaxial
21

to biaxial tension. It thus appears that C3f is quite sensitive to crystal-

lographic texture but is relatively insensitive to the loading path.

Fractography indicates that fracture is characterized by through-thick-

ness shear exhibiting shallow and small dimples when crystallographic texture

allows easy thinning and results in a low R-value (see Fig. 10, R = 0.5).

However, at high R-values the fracture strain Eif is increased and the appear-

ance of the fracture surface indicates a large strain deformation at greater

depths from the fracture surface with larger and deeper dimples (see Fig. 10,

R = 12). The increase in the depth and the size of dimples as R increases can

be explained in terms of the increasing breadth or width of the localized neck

with increasing R. This would result in a broader band of intense plastic

flow and thus deeper dimples. Experimental evidence appears to support this

theory. For Ti-6-4 sheet with R-values ranging from 0.5 to 12, the breadth

of the localized neck increases from 0.5mm to 1.3mm. The localized neck for

textured sheet with R = 12 has the form of an intense shear band with minimal

thinning; the width of the localized neck is less defined and is quite diffi-

cult to measure. Visual observation of the shear band while under strain in-

dicates that its size is quite large. In addition, an increase in the volume

of material undergoing intense plastic flow as R increases is also evidenced

by the increase in the sharpness and a decrease in the profile radius of the

diffuse neck with increasing R-value (Fig. 6). Consequently, the thicker

band of intense plastic flow associated with the high R-value materials result

in larger and deeper dimples and also contributes to an increased fracture

strain observed on these materials.
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SUMMARY

The influence of crystallographic texture on the tensile deformation and

fracture behavior of strongly textured Ti alloy sheet has been studied by

uniaxial tensile testing. The study is based on Ti-6Al-4V and Ti-5A1-2.5 Sn

sheet with either the basal or the basal-transverse texture. The tensile

results indicate that the crystallographic texture strongly affects the yield

strength and the ease of through-thickness deformation as measured by the

plastic anisotropy parameter, R, which varies from 0.5 to 12 in the material

tested. However, work hardening rate n and strain rate hardening exponent m,

are relatively insensitive to the differences in slip behavior between the

two textures.

Analysis of the tensile behavior at large strains reveals that the strain

distribution within the diffuse neck is strongly affected by crystallographic

texture through its pronounced influence on the R-value. During deformation

the strain state within the diffuse neck deviates from that of uniaxial ten-

sion and shifts towards plane strain. This change of strain state results in

additional hardening at the center of the diffuse neck, the amount of addi-

tional hardening increasing with R. As a result, the diffuse neck becomes

broader, and the post-uniform elongation, and the ability to retain the load

carrying capacity after maximum load are both enhanced with increasing

R-value.

The localized necking may be interpreted in terms a of critical thick-

ness strain criterion; such a criterion is experimentally observed as well

as theoretically predicted. Increasing the difficulty of through-thickness

deformation thus delays the attainment of the critical thickness strain and

increases the limit strain at the onset of localized necking at high R-values.

Theoretical calculations of the forming limit strains using an inclined

imperfection model are in very good agreement with the experimental results,
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The, calculations not only predict the enhancement of the limit strain with

increasing R-value but also confirm the existence of a critical thickness

strain criterion for localized necking in uniaxial tension.

Fractography rev)'eals that fracture of textured Ti-alloy sheet occurs by

transgranular void formation and coalescence. The fracture strain increases

with increasing R-value with large, deep dimples characterizing the fracture

surfaces of sheets with high R-value. This behavior can be interpreted in

terms of the increased breadth of intense plastic flow as through-thickness

deformation becomes more difficult and P increases.
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APPENDIX I

In their analysis of localized necking in the negative minor region of

the forming limit diagram (i.e., loading paths from uniaxial tension to plane
sai)Cantal25 24

strain), Chan et al extend the Marciniak-Kuczynski (M-K) analysis which

associates localized necking of sheet with pre-existing imperfections. The

M-K analysis was originally developed for biaxial stretching; the Chan et al

analysis extends that analysis to uniaxial tension in which case the imper-

fections are inclined at an angle 4 (along Hill's direction of zero exten-
23

sion) to the major principal strain axis. For a material which obeys a

-n ImSwift-type equation a = K(E° + 0) m and Hill's original yield function for
27

an anisotropic material, Chan et al show that the effective strain with

an imperfection (• ) may be related to that outside the imperfection (M ) by

a numerical solution of the following equation: 2 5

m n n m
dcA [9o +EA] exp[-C7 ] A- f[o+ZBI exp[-'EB ]deB (la)

where F M'3'i2R [l+2(R+l) a 2 2-

i (-Q)sine*cogs 0_2
a2 - cos 2•,*+a•sin2* ; a 011'1

(1-a) sinW coOS* •2
i P~2 COS2'€* +'at sinz'•* 1 -E

and for uniaxial tension:

(l+R) P + R
1+ R + RP

and ½-l-

•* "90 0 .- tan- 14-

In Eq. la, the term f is the imperfection factor, which for sheet con-

taining an imperfection such that it has thicknesses tA and tB and strengths

"KA and KB inside and outside the imperfection, is defined as f - K tB/KAtA.
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Givan values for n and m, the dependence oZ the limit strain C* on R-value

can be calculated from Eq. 3 with f being the only adjustable parameter.

The model predicts the dependence of localized necking at uniaxial tension on

both the work hardening n and strain rate hardening m as well as on the R-

value. Of particular interest is that localized necking along Hill's direc-

tion of zero extension obeys a critical thickness strain (* - material con-

stant) criterion.

:1
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